Abstract. Hypoxia is a common feature of solid tumors. It is closely related to tumor progression. Exosomal microRNAs derived from cancers are considered to be mediators between cancer cells and the tumor microenvironment. In addition, the number of tumor-associated macrophages (TAMs) in the tumor microenvironment has also been demonstrated to correlate with tumor development. However, the relationship between tumor-secreted exosomes and TAM polarization under hypoxic conditions during tumor progression is not clear. Herein, we demonstrated that hypoxia induces the high expression of microRNA-940 (miR-940) in exosomes derived from epithelial ovarian cancer (EOC). We also found that miR-940 is highly expressed in exosomes isolated from ascites of EOC patients. Moreover, the overexpression of miR-940 in macrophages delivered by exosomes stimulated M2 phenotype polarization, while the M2 subtype macrophages promoted EOC proliferation and migration. These results highlight the function of hypoxia in enhancing the high level of expression of miR-940 in tumor exosomes taken up by macrophages. We also showed that the tumor-promoting function of miR-940 is mediated by TAM polarization in EOC. These findings show that tumor-derived exosomal miR-940 induced by hypoxia plays an important role in stimulating TAM polarization in the progression of EOC.
Introduction
Epithelial ovarian cancer (EOC), because of the late diagnosis and progressive development of drug resistance, remains the most lethal gynecologic cancer (1) . Despite diverse clinical treatments that have been put into practice, EOC is still the fifth most common cause of malignant death. Hence, elucidating the molecular and cellular mechanisms of EOC tumorigenesis is essential for effective early diagnosis and target-based therapies.
The tumor microenvironment plays a critical role in cancer initiation, maintenance and progression (2, 3) . The tumor microenvironment is a complex network. It contains secreted factors, exosomes, immune cells, fibroblasts, and mesenchymal stem cells (3) . Tumor development and progression are greatly influenced by the modulation of innate and adaptive immune responses to cancer. Through an inflammatory response, peripheral monocytes are recruited to the tumor (4) . Then, the monocytes are reprogrammed by molecular factors in the tumor microenvironment and obtain specific tumor-associated macrophage (TAM) properties (5) . Among the infiltrating leukocytes, TAMs have an abundant population (6) . TAMs can regulate the tumor microenvironment via initiating fibrosis, suppressing immune detection and promoting angiogenesis (7) . According to different polarizations, macrophages can be separated into two phenotypic differentiations: classically activated (M1) and alternatively activated (M2) macrophages (8) . M1 macrophages are usually considered pro-inflammatory and cytotoxic due to producing interleukin (IL)-12, tumor necrosis factor-α and reactive oxygen intermediates (9) . In contrast, M2 macrophages are anti-inflammatory and promote wound healing through secreting transforming growth factor-β, IL-6 and arginase-1 (10) . M1 macrophages are generally referred to as tumor suppressive, and M2 macrophages are considered tumor promoting (11) . TAMs are mainly constituted by M2 phenotypes (12) . In various tumor types, the density of M2 macrophages within tumors is negatively correlated with the survival rate of patients and positively facilitates tumorigenesis (11) . Additionally, an ovarian cancer clinical analysis also demonstrated that a high CD163 (the M2 marker) level is associated with poor clinical outcomes (13) . Nevertheless, the details of the mechanism by which macrophage polarization occurs during cancer progression are poorly understood.
Exosomes are nanometric phospholipid bilayer-enclosed vesicles (30-100 nm) that can be secreted by nearly all kinds of cells into the extracellular microenvironment. Most recent cancer research has suggested that exosomes are crucial mediators in intercellular communication during tumor progression (14) . Secreted exosomes from cancer cells can deliver a broad set of biological contents to nearby or distant recipient cells, including TAMs, T cells, dendritic cells (DCs), fibroblasts and epithelial cells (15) . Tumor-derived exosomes (TEXs) carry genetic lipids, proteins, mRNAs, miRNAs, and DNA segments to regulate cancer immunity (16) . In ovarian cancer, TEXs can inhibit dendritic cell maturation, promote immunosuppressive myeloid-derived suppressor cell (MDSC) differentiation and suppress tumor-reactive T-cells (17) .
Hypoxia is a hallmark of solid tumors. under hypoxic conditions, tumor cells exhibit increased aggressiveness and dissemination (18) (19) (20) . In breast cancer, hypoxia can enhance exosome release (21) . Berchem and colleagues found that high levels of miR-23a (compared with normoxic tumor cells) in hypoxic tumor-derived microvesicles inhibit natural killer (NK) cell function (22) . Moreover, Ling et al demonstrated that there are 108 miRNAs differentially expressed in normoxic and hypoxic oral squamous cell carcinoma-derived exosomes. Furthermore, miR-21, one of the significantly reduced miRNAs, elicited a prometastatic phenotype (23) . However, the relationship between hypoxic TEX and TAM polarization in ovarian cancer is unclear. Thus, we hypothesized that TEXs transported from hypoxic ovarian cancer cells to surrounding macrophages can induce M2 phenotype polarization via miRNAs and then enhance ovarian cancer pathology.
Materials and methods
Ascites samples. With approval by the Ethics Committee of Shanghai First Maternity and Infant Hospital, peritoneal fluids from three patients with benign ovarian diseases and ascites from three pre-therapy EOC patients were collected from Shanghai First Maternity and Infant Hospital, Tongji university (Shanghai, China). All the patients gave informed consent. The total exosomes in peritoneal fluids and ascites were isolated by using ExoQuick exosome precipitation solution reagent according to the manufacturer's instructions (SBI System Biosciences).
Exosome extraction, labeling and tracking. We used the total exosome isolation reagent (from cell culture medium) (Invitrogen, CA, uSA) to obtain purified exosomes from exosome-free culture medium of SKOv3. After centrifuging the medium at 2,500 rpm for 30 min, we retrieved the cell culture supernatant and mixed it with the total exosome isolation reagent. Then, after incubation at 4˚C overnight, exosomes were centrifuged at 10,000 x g for 1 h at 4˚C and labeled with D384 (Invitrogen), a phospholipid membrane dye (red stain). Labeled exosomes were then added to DAPI-stained (blue stain) macrophages. After incubation at 37˚C for 2 h, macrophages were observed using a Leica DM-LB confocal microscope.
Electron microscopy. Exosome pellets resuspended in PBS buffer were dropped onto a carbon-coated copper electron microscope grid, as described previously (24) . We used a j Tecnai G2 F20 ST transmission electron microscope to observe the exosomes from cell culture medium, peritoneal fluids and ascites.
Cell culture and hypoxia treatment. The human EOC cell line SKOv3 and the monocyte cell line u937 were obtained from Fuheng Bio (Shanghai, China). Cells were cultured using RPMI-1640 medium (Invitrogen) with 10% FBS (Invitrogen). The cell culture medium was ultracentrifuged at 100,000 x g for 20 h to obtain exosome-free medium. To simulate the hypoxic growing conditions of a solid tumor, SKOv3 cells were cultured under 1% O 2 (hypoxic) conditions, balanced with N 2 in an O 2 /CO 2 incubator (Sanyo). The control group was treated in 20% O 2 (normoxic) conditions. u937 cells (1x10 6 ) were exposed to 100 ng/ml PMA (Sigma-Aldrich, St. Louis, MO, uSA) for 24 h to induce u937 differentiation into macrophages.
miRNA transfection. Macrophages were seeded on 60-mm dishes and were transfected with miR-negative control and miR-940 mimic (GenePharma, Shanghai, China) using HiperFect transfection reagent according to the manufacturer's instructions (Qiagen GmbH, Hilden, Germany). After 48 h, transfected macrophages were washed with PBS, and the cell culture media of macrophages were harvested 3 days later.
RNA preparation and qRT-PCR.
Total RNAs from exosomes were extracted using RA808A-1 (SBI System Biosciences) according to the manufacturer's instructions, and TRIzol (Invitrogen) was used to extract cellular RNAs. We used miScript Reverse Transcription kit to reverse-transcribe miRNA to cDNA and analyzed quantitative PCR of miRNAs using miScript SYBR Green PCR kit, according to the manufacturer's instructions (Qiagen GmbH). Then, we used the 2 -∆∆CT method to calculate gene expression. u6 was used to normalize the miRNA results. The primer sequences are as follows: miR-940, 5'-AAGGCAGGGCCCCCGCTCCCC-3'; u6, 5'-CAAGGATGACACGCAAATTCG-3'.
Western blot analysis. Total proteins lysed from exosomes and macrophages, treated with normoxic and hypoxic exosomes (100 µg/ml) or miR-negative control and miR-940 mimic for 48-96 h, were separated on a 10% SDS PAGE gel. The gels were then transferred to polyvinylidenedifluoride membranes (Millipore). After blocking with 7% non-fat milk for 2 h, membranes were incubated with rabbit anti-CD63 (1:1,000, Santa Cruz Biotechnology), mouse anti-CD81 (1:1,000, Santa Cruz Biotechnology), rabbit anti-GAPDH (1:1,000, Cell Signaling Technology), mouse anti-CD163 (1:200, Santa Cruz Biotechnology) or mouse anti-CD206 (1:100, Santa Cruz Biotechnology) at 4˚C overnight. Anti-mouse or anti-rabbit IgG (1:2,000, Cell Signaling Technology) was used as the secondary antibody.
Migration assay. For the migration assay, 1.5x10 5 SKOv3 cells were seeded in the top chamber of Transwell chambers (Corning Inc., uSA) with 8-µm inserts. The cell culture media from miR-940 mimic-transfected macrophages or miR-negative control-transfected macrophages were added in the bottom chamber. After 48-72 h of incubation, cells that migrated through the membrane were fixed with methanol and stained with crystal violet 1%. Cells were counted in 4 random fields.
MTS proliferation assay. SKOv3 cells were seeded in 96-well plates (2x10 3 cells/well) and cultured with 50 µl miR-940-transfected macrophage culture medium mixed with 50 µl ordinary medium for 48 h. Cells cultured with 50 µl miR-negative control-transfected macrophage culture medium and 50 µl ordinary medium were also seeded as a negative control. MTS solution reagent (20 µl) (Promega Biosciences, CA, uSA) was added to each well. After 2 h at 37˚C with 5% CO 2 in incubator, cell proliferation was measured through a 96-well plate reader.
Statistical analysis. Data are presented as the mean ± standard error of the mean (SEM) for at least 3 independent experiments. Student's t-test or the Mann-Whitney u test was used to analyze the significant differences between groups. SPSS 19.0 was applied to perform statistical analyses. p<0.05 was considered statistically significant.
Results

Identification of exosomes secreted by EOC cells and exosomes taken by macrophages.
Exosomes derived from SKOv3 cells in the cell culture supernatant were initially purified by using a total exosome isolation reagent. The extracted exosomes were examined using transmission electron microscopy (TEM), which revealed that the specific exosome morphology and size ranged from 30 to 80 nm in diameter (Fig. 1A) . The known exosome markers CD63 and CD81 were further analyzed by western blotting (Fig. 1B) . Abundant biologic information was packaged into the exosomes and internalized by target cells (25). We also found that the TEXs were taken up by macrophages. Exosomes were labeled with D384 (red stain), and DAPI (blue stain) was used to show the nuclear structure of macrophages. Fluorescence microscopy was used to show that exosomes were located in the cytoplasm of macrophages (Fig. 1C) .
Hypoxia induces overexpression of miR-940 both in EOC cells and EOC-derived exosomes, and exosomes isolated from ascites of EOC patients have high expression levels of miR-940
. miRNAs in exosomes have been shown to play an important role in tumor progression (16) . The expression levels of miRNAs vary by cell type and condition. Thus, in referring to the literature, we found that the overexpressions of miR-940 in pancreatic carcinoma (26) and gastric cancer (27) were correlated with tumor progression. However, the role of miR-940 in ovarian cancer is unknown. We hypothesized that miR-940 may play an important role in macrophage polarization in EOC. To confirm this hypothesis, we first studied the relationship between miR-940 and hypoxia.
The SKOv3 cells were cultured under 20% O 2 (normoxia) or 1% O 2 (hypoxia). Exosomes were isolated, and total miRNA was extracted after 72 h. The qRT-PCR results show that the expression of miR-940 is significantly higher in hypoxic cells and exosomes compared with in the normoxic group ( Fig. 2A) . Additionally, we explored the degree of miR-940 expression in exosomes isolated from ascites of EOC patients (n=3). Compared with patients with benign ovarian diseases, miR-940 had a higher expression level in exosomes isolated from ascites of the EOC patients (Fig. 2B) .
Increased miR-940 expression in macrophages induces M2 polarization.
To investigate the function of hypoxic exosomes carrying abundant miR-940 in the tumor microenvironment, we co-cultured the unpolarized macrophages with normoxic exosomes or hypoxic exosomes isolated from SKOv3 cells. After 3 days, we analyzed the miRNA expression of macrophages and found that the miR-940 expression was much higher in the hypoxic exosome-educated macrophages than in the normoxic group (Fig. 3A) . Moreover, compared with the normoxic exosome macrophages, the hypoxic exosome macrophages had higher expression levels of the M2-type markers CD163 and CD206 (Fig. 3B and C) . Then, to evaluate the relationship between the M2 polarization of macrophages and the increased miR-940 expression in hypoxic exosomes, we transfected unpolarized macrophages with either the miR-negative control or miR-940 mimic (Fig. 3D) . After transfection, high expression of miR-940 in macrophages enhanced the CD163 and CD206 protein expressions remarkably (Fig. 3E and F) .
miR-940-induced M2 macrophages promote EOC cell proliferation and migration.
In addition, to further investigate whether the miR-940-induced M2-phenotype macrophages have the characteristic function of tumor promotion, we collected the conditioned medium of miR-940 mimic-transfected macrophages. Normoxic SKOv3 cells were treated with the conditioned medium, and the MTS proliferation assay was performed. As shown in the results, the conditioned medium from miR-940-induced M2-phenotype macrophages significantly promoted the proliferation of SKOv3 cells (Fig. 4A) . Furthermore, the Transwell assay also indicated that miR-940-induced M2-phenotype macrophages promote SKOv3 cell migration (Fig. 4B and C) .
Discussion
In the present study, we showed that the exosomes secreted by EOC cells under hypoxic conditions in vitro have a higher expression of miR-940. After co-culturing the hypoxic exosomes with unpolarized macrophages, we found that the highly expressed exosomal miR-940 activates macrophages to a TAM-like phenotype. Then, we collected the conditioned medium of activated TAM-like macrophages and demonstrated that the conditioned medium could reversely promote EOC cell proliferation and migration. To our knowledge, this is the first study to suggest that exosomes function as a bridge between hypoxic EOC cells and macrophages in the tumor microenvironment by delivering miR-940.
Tumor growth has increasingly been considered a complex system that includes endothelial cells, fibroblasts, myeloid-derived suppressor cells and macrophages (15) . The interaction between cancer cells and TAMs, one of the most abundant immune-related stromal cells, plays a crucial role in cancer development (28) . The exchange of contents between cells mediated by cell-derived exosomes functions as a bridge between cancer cells and macrophages. To demonstrate whether or not EOC cells can induce macrophage polarization through secreting exosomes, we initially demonstrated the specificity of isolated exosomes (Fig. 1A and B) . In Fig. 1C , we show that the EOC-derived exosomes could be taken by macrophages. This indicates that, by secreting exosomes, EOC cells may participate in regulating the biologic functions of macrophages that are recruited to the tumor microenvironment. Recent studies have found that hypoxia is involved in the malignant evolution of cancers. In breast cancer, hypoxia has been postulated to promote exosome release (21) , while in ovarian cancer, hypoxia increases tunneling nanotube formation, which stimulates drug resistance (29) . Hypoxia induces macrophage polarization in glioblastoma and lung cancer (30, 31) . However, the role of hypoxia in exosomes and TAM-like macrophage polarization in epithelial ovarian cancer is not clear. We analyzed the expression of miRNAs under normoxic and hypoxic conditions. We found that SKOv3 cells under hypoxic conditions express much more miR-940 than the cells under normoxic conditions, as well as in exosomes (Fig. 2A) . As the presence of ascites has been directly associated with peritoneal metastasis and poor prognosis of EOC patients (32), we also isolated exosomes from ascites of EOC patients and demonstrated that miR-940 has a much higher expression level compared with exosomes of peritoneal fluids from patients with benign ovarian diseases (Fig. 2B) . These results imply that the increased expression of miR-940 in exosomes induced by hypoxia may play an important role in EOC progression.
It has been generally recognized that exosomes participate in tumor progression by regulating the immune function of immune cells in the tumor microenvironment (14) (15) (16) (17) . A recent study of melanomas found that tumor-secreted exosomes suppress the proliferation of T cells (33) . Another study on gastric cancer suggested that cancer cell-derived exosomes activate macrophages to increase pro-inflammatory factor expression, which promotes cancer progression (34) . Our previous study also demonstrated that EOC-secreted exosomal miR-222-3p induces TAM polarization (24) . However, the aberrant expression of exosomal miR-940 induced by hypoxia during macrophage polarization is not well understood. Thus, in order to investigate the function of hypoxic exosomes in macrophage polarization, we co-cultured the unpolarized macrophages with normoxic exosomes or hypoxic exosomes. We found that miR-940 is greatly increased in macrophages compared with the normoxic group (Fig. 3A) . Moreover, hypoxic exosomes induced macrophages to express higher levels of the M2-type markers CD163 and CD206 compared to normoxic exosomes. These data suggested that exosomes could deliver miR-940 to macrophages and that hypoxic exosomes could induce macrophages to an M2-like phenotype. The overexpression of miR-940 has been found to promote tumor progression both in pancreatic carcinoma and gastric cancer (26, 27) . However, to our knowledge, the expression level and biologic function of miR-940 in EOC have not been reported yet. In this study, we showed that miR-940 is aberrantly expressed in the exosomes from ascites of EOC patients. Furthermore, induced by hypoxia, the expression of miR940 in SKOv3 cells and exosomes is increased, while miR-940 could also be transported to macrophages. Based on these findings, we assume that highly expressed miR-940 may play an important role in the process of TAM-like macrophage polarization, which is enhanced by hypoxic exosomes of SKOv3 cells. We transfected unpolarized macrophages with an miR-negative control or miR-940 mimic. After 48 h, the high expression of miR-940 in macrophages enhanced the CD163 and CD206 protein expression remarkably ( Fig. 3E and F) . These findings suggest that overexpressed exosomal miR-940 promotes M2 macrophage polarization.
Many studies have demonstrated that the tumor promoting function of M2-phenotype macrophages is mediated by soluble factors (10, 11, 35) . Here, to further confirmed that the miR-940-induced M2-phenotype macrophages have a tumor promoting effect, we co-cultured normoxic SKOv3 cells with miR-940-induced M2 macrophage conditioned medium, and found that the proliferation and migration abilities of SKOv3 cells were increased compared with the miR-negative control (Fig. 4) .
In conclusion, these data suggest that hypoxia increases the miR-940 levels in EOC-derived exosomes. These miR-940-rich tumor-secreted exosomes, which are internalized by unpolarized macrophages, drive macrophages toward a TAM-like phenotype. These observations demonstrate that exosomes derived from tumor cells may function as messengers that transport miR-940 between hypoxic tumor cells and macrophages, and thus remodel the tumor immune microenvironment of EOC. These findings may provide a theoretical foundation for a new treatment of EOC through the modulation of TAMs.
